We report the discovery of a second planet orbiting the K giant star 7 CMa based on 166 high-precision radial velocities obtained with Lick, HARPS, UCLES and SONG. The periodogram analysis reveals two periodic signals of approximately 745 and 980 d, associated to planetary companions. A double-Keplerian orbital fit of the data reveals two Jupiter-like planets with minimum masses m b sin i ∼ 1.9 M J and m c sin i ∼ 0.9 M J , orbiting at semi-major axes of a b ∼ 1.75 au and a c ∼ 2.15 au, respectively. Given the small orbital separation and the large minimum masses of the planets close encounters may occur within the time baseline of the observations, thus, a more accurate N-body dynamical modeling of the available data is performed. The dynamical best-fit solution leads to collision of the planets and we explore the long-term stable configuration of the system in a Bayesian framework, confirming that 13% of the posterior samples are stable for at least 10 Myr. The result from the stability analysis indicates that the two-planets are trapped in a low-eccentricity 4:3 mean-motion resonance. This is only the third discovered system to be inside a 4:3 resonance, making it very valuable for planet formation and orbital evolution models.
Introduction
Today, about 4000 exoplanets around about roughly 3000 host stars are known. Most have been found with the transiting method, while 529 systems so far have been discovered via Doppler monitoring. Surprisingly, the fraction of multi-planetary systems discovered with each method is about the same, around 23% according to the NASA Exoplanet Archive 1 , although the transit method can only discover those systems which are rather well aligned, while there is no strong bias against planets orbiting in tilted planes with respect to each other with the Doppler method. However, the apparent excess of single transiting systems has led some authors to speculate about the existence of a population of intrinsic singles or highly inclined multi-planet systems (Lissauer et al. 2011; Ballard & Johnson 2016) .
These numbers are lower limits on the number of multiplanetary systems, because many planets presumably remain hidden even in the known systems because they are harder to Based on observations collected at Lick Observatory, University of California.
Based on observations collected at the European Organization for Astronomical Research in the Southern Hemisphere under ESO programmes 078.C-0751, 079.C-0657, 081.C-0802, 082.C-0427, 289.C-5053, 0100.C-0414 and 0101.C-0232 1 https://exoplanetarchive.ipac.caltech.edu/ detect due to smaller masses and/or larger periods. Furthermore, it has been shown that sparse radial velocity (RV) sampling especially of systems in 2:1 mean motion resonance (MMR) is prone to missing the second planet, and instead makes the system appear as if it hosts a single eccentric planet only (Anglada-Escudé et al. 2010; Kürster et al. 2015; Boisvert et al. 2018; Wittenmyer et al. 2019) .
We carried out a Doppler survey for planets around 373 intermediate-mass evolved stars at Lick Observatory from 1999 to 2011 (Frink et al. 2001 (Frink et al. , 2002 , and are currently following up some of the most compelling systems with SONG (Grundahl et al. 2007 (Grundahl et al. , 2017 . Here we report on one particular system from the Lick survey that was followed up with HARPS and SONG, the K1 III giant 7 CMa.
One giant planet, namely 7 CMa b, was reported to orbit 7 CMa already by Schwab (2010) . It was independently found by Wittenmyer et al. (2011) based on RV data covering about one orbital cycle. Our data, covering about nine orbital cycles, indicate the presence of another giant planet in the system in a 4:3 MMR with the inner companion. Thus, 7 CMa is part of an elusive list of multi-planetary systems with giant host stars, some of which close to first-order MMRs, as discussed in Trifonov et al. (2019) A&A proofs: manuscript no. main include η Cet (2:1, Trifonov et al. 2014) and ν Oph (6:1, Quirrenbach et al. 2019) .
Multi-planetary systems, and especially those in MMR, tell us much more about planet formation than single planet systems. Especially the formation of a 4:3 MMR is hard to explain (Rein et al. 2012) with current models, since the systems have to move through the 2:1 and 3:2 commensurabilities on their way to the 4:3 resonance, where the two planets are rather close together. 7 CMa is only the third system found in 4:3 MMR via Doppler monitoring, next to HD 200964 (Johnson et al. 2011) and HD 5319 (Giguere et al. 2015) , involving massive, Jovianlike planets. All three systems are found around evolved host stars, in the late subgiant or early giant star phases, more massive than the Sun and with stellar radii in a narrow range between 4 and 5 R . Thus, more systems in the 4:3 MMR will certainly help to shed light on the formation mechanism of those and potentially other systems.
The paper is organized as follows: Sect. 2 is dedicated to the stellar parameters of 7 CMa, while in Sect. 3 we describe our RV data set. Section 4 provides a dynamical analysis of the system, and in Sect. 5 we discuss the system and possible implications for its formation theory.
Host star
7 CMa (= HD 47205, HIP 31592) is a bright K1 giant in the constellation Canis Major, accessible from most sites in both hemispheres. Comparing spectroscopic, photometric and astrometric observables to grids of stellar evolutionary models using Bayesian inference, Stock et al. (2018) derive an effective temperature of T eff = 4826.0 +45 −55 K and surface gravity of log g = 3.19 +0.06 −0.07 . The metallicity was fixed to the value of [Fe/H] = 0.21 ± 0.1 from Hekker & Meléndez (2007) . The derived mass and radius of 7 CMa are M = 1.34 +0.11 −0.12 M and R = 4.87 +0.17 −0.14 R . Table 1 summarizes the main parameters of this star and previous values reported in the literature.
To illustrate the host star's expected evolutionary stage, we interpolate within the PARSEC grid of evolutionary tracks (Bressan et al. 2012) to obtain a track corresponding to the determined mass and metallicity of the star, which is shown in Fig. 1 . The momentary position of 7 CMa according to its temperature and luminosity is on the early ascent of the red giant branch (RGB), hence fusing hydrogen in a shell around an inert helium core. The star will undergo a helium flash, which happens on a time scale too short to be covered in the entries of the track. Therefore, the evolution along the black line running from the RGB tip to the beginning of the horizontal branch takes place quasi instantly.
To date, one confirmed planet is already known to orbit 7 CMa. This planetary system was studied by Schwab (2010) using Lick RVs and is the first reported discovery from the Pan-Pacific Planet Search survey (Wittenmyer et al. 2011) at the 3.9 m Anglo-Australian Telescope using the UCLES spectrograph. Wittenmyer et al. (2011) announced a giant planet (m b sin i = 2.6 M J ) with a period of P b = 763 ± 17 d and eccentricity e b = 0.14 ± 0.06, based on 21 RV measurements taken between 2009 and 2011 with UCLES, adopting a stellar mass of 1.52 ± 0.30 M . Later, in a paper published together with another five discoveries, Wittenmyer et al. (2016) presented updated velocities and a refined orbit for 7 CMa together with six more measurements. The amplitude of the Doppler signal is also confirmed to be independent of wavelength, as expected for a plan- 
Radial velocity measurements
We have collected RVs of 7 CMa from four different instruments during the last 19 years as part of the project "Precise radial velocities of giant stars". In the following subsections, a short description of each instrument dataset is presented. The individual RVs from every instrument are listed in Table A .1.
Lick dataset
Starting in 1999, our group carried out a radial velocity survey of 373 G-and K-giants at UCO/Lick Observatory using the 0.6 m Coudé Auxiliary Telescope (CAT) together with the Hamilton Echelle Spectrograph with a nominal resolution of R ∼ 60 000 (see, e.g., Frink et al. 2002; Reffert et al. 2006 , for a description of the survey and earlier results). Using the iodine cell method as described by Butler et al. (1996) we obtained a typical RV precision of σ jitt,Lick = 5-8 m s −1 , adequate enough for our survey .
A total of 65 spectra for 7 CMa were taken between September 2000 and November 2011. The resulting RV measurements have a median precision of ∼ 5 m s −1 . 
HARPS dataset
We observed 7 CMa with the echelle optical spectrograph HARPS installed at the ESO 3.6 m telescope at La Silla Observatory in Chile. We retrieved 11 measurements from 2006 to 2009 from the ESO Archive. Then, we triggered a campaign of 12 observations spanning three months in 2013, and 5 additional nights in March, April and September 2018. In this last campaign we took a series of consecutive exposures to study the intrinsic stellar variability (jitter) of the star. In total, 127 spectra were obtained. Radial velocities were obtained with the SERVAL program (Zechmeister et al. 2018 ) using high signal-to-noise templates created by co-adding all available spectra of the star. We split the HARPS data into two separate temporal subsets, HARPSpre and HARPS-post, due to the HARPS fiber upgrade in June 2015, which introduced an RV offset that has to be modeled in the fitting process (Lo Curto et al. 2015) . In summary, a total of 25 nightly-averaged RVs (20 HARPS-pre and 5 HARPS-post) with a mean internal velocity uncertainty of σ HARPS ∼ 1 m s −1 were used in the analysis.
SONG dataset
SONG (Stellar Observations Network Group) is planned as a network of 1 m telescopes in both hemispheres that will carry out high-precision radial-velocity measurements of stars. The first node at Observatorio del Teide on Tenerife has been op-erating since 2014 and consists of the Hertzsprung SONG Telescope (Andersen et al. 2014) . A total of 65 measurements were collected from 2015 to 2019 with a coudé echelle spectrograph through an iodine cell for precise wavelength calibration and radial-velocity determination (Grundahl et al. 2007 ). The data reduction pipeline is based on the IDL-routines of Piskunov & Valenti (2002) and the C++ reimplementation by Ritter et al. (2014) . More information about the data handling and RV extracting by the SONG collaboration can be found in Grundahl et al. (2017) . The typical uncertainties of the measurements are σ SONG ∼ 3 m s −1 .
UCLES dataset
We also included the RVs obtained between 2009 and 2011 and published by Wittenmyer et al. (2011) together with six more measurements presented in Wittenmyer et al. (2016) .
Analysis

Periodogram search
We compute a Lomb-Scargle (LS; Lomb 1976; Scargle 1982) periodogram to look for periodic signals in the RV data. Using the Lick data alone, we find a highly significant peak around 746 d, as shown in black in the top panel of Fig. 2 . This result is consistent with the already known planet of the system, where Wittenmyer et al. (2011) announced a signal of 763 d. However, after fitting the reported planetary signal in our data, a significant peak around ∼ 980 d is found in the residuals with false alarm probability smaller than 0.1% (see central panel of Fig. 2 ). After the fitting of these two periodic signals, no further signals are evident in the residuals, as shown in the bottom panel of Fig. 2 . The weighted root-mean-squared of the residuals improves from 12.9 m s −1 in the one-planet model fit to 8.2 m s −1 in the twoplanet. The second signal could only be revealed thanks to the longer timespan of the Lick RVs compared to UCLES.
Following the second planet hint in the Lick data, we collected more observations with different facilities. The LS periodogram of the complete RV data set shows narrower and stronger signals at the aforementioned periods, as shown in red in Fig. 2 , further supporting the second planet hypothesis and constraining its orbital properties. The period of the second planet at 980 d is nearly in a 4:3 ratio with the first companion, suggesting a two-planet system likely in orbital resonance.
Keplerian and dynamical modeling
We adopt a maximum-likelihood estimator coupled with a downhill simplex algorithm (Nelder & Mead 1965; Press et al. 1992) to determine the orbital parameters of the planet candidates orbiting 7 CMa. The negative logarithm of the model's likelihood function (− ln L) is minimized while optimizing the planet orbital parameters (RV semi-amplitudes K b,c , periods P b,c , eccentricities e b,c , arguments of periastron ω b,c , mean anomalies M b,c , a RV zero-point offset for each dataset and a global RV slope). We also include the RV instrumental jitter as an additional model parameter for each dataset. Afterward, we estimate the uncertainties of the best-fit parameters using the Markov Chain Monte Carlo (MCMC) sampler emcee (Foreman-Mackey et al. 2013). We adopt flat priors for all parameters and select the 68.3 confidence interval levels of the posterior distributions as 1σ uncertainties. We use the Exo-Striker (Trifonov 2019) to perform all analyses discussed here. First, we fit the RV dataset with a double-Keplerian model. The relatively close planetary orbits and the derived minimum masses of the planets indicate that the planets will have relatively close encounters during the time of the observations, which may be detected in our data. Therefore, a more appropriate N-body dynamical model is applied, which takes into account the gravitational interactions between the massive bodies by integrating the equations of motion using the Gragg-Bulirsch-Stoer method (Press et al. 1992) . For consistency with the unperturbed Keplerian frame and in order to work with minimum dynamical masses, we assume an edge-on and coplanar configuration for the 7 CMa system (i.e. i b,c = 90 deg and ∆Ω = 0 deg). The timestep employed in the integration is 1 d. Figure 3 shows the best-fit solutions from each of the schemes together with the complete RV dataset. The 7 CMa system contains two Jupiter-like planets with minimum masses m b sin i ∼ 1.8 M J and m c sin i ∼ 0.9 M J orbiting in loweccentricity orbits. The period ratio of the planets in the 7 CMa system is close to 1.33, potentially trapped in a 4:3 mean motion resonance. The two models are almost equivalent and taking the gravitational interactions into account in the fitting does not turn into a significant improvement in the − ln L of the fit with respect to the Keplerian model. The relatively short span of the observations (∼ 9 orbits) is not enough to detect the secular perturbation of the orbits. However, although a double-Keplerian or a full self-consistent N-body dynamical model fit the RV data almost equally well, we decide to base our analysis on the dynamical model which, given the derived close orbits and the Jovian-like masses of the planets, is better justified. The orbital parameters of the two planets for the dynamical best-fit and the posterior distributions from the MCMC sampling are summarized in Table 2.
We note that the jitter values derived for each dataset are all above 5 m s −1 , as expected for K giants due to p-mode oscillations (Hekker et al. 2006 (Hekker et al. , 2008 . Studying our high-cadence HARPS data we measure a peak-to-peak variation in the RVs of 5 m s −1 on timescales of the order of 30 min. From the scaling relations of Kjeldsen & Bedding (2011) we expect a velocity jitter of between 3-5 m s −1 for 7 CMa due to p-mode oscillations, fully consistent with the derived jitter terms.
System configuration
The MCMC analysis provides a median solution which is in agreement with the best-fit solution except for the periods of both planets. Moreover, both solutions fail to preserve stability in a short period of time, compatible with a handful of orbits of the outer planet. Thus, requiring long-term stability can further constrain the system configuration. The formally best-fit solution does not necessarily have to be stable, but we should find stable configurations close to the formally best-fit solution.
To test the stability of the planetary system around 7 CMa, we integrate each individual MCMC sample using the Wisdom-Holman symplectic algorithm (MVS) integrator contained in the SWIFT package (Duncan et al. 1998 ). This is a symplectic algorithm created to perform long-term numerical orbital integrations of solar system objects. All samples have been integrated for 1 Myr and the time step used for the integrations is 1 d, to ensure accurate temporal resolution. A stable system is defined if none of the planets are ejected or experience a collision, the semi-major axes remain within 10% from the initial values, and the eccentricities are lower than 0.95 -which otherwise would lead to nonphysical orbits inside the star's radius -during the complete integration time. Figure 4 shows the posterior MCMC distribution of the orbital parameters using a dynamical, edge-on, coplanar model. The histogram panels on the top of Fig. 4 provide a comparison between the probability density function of the complete MCMC samples (blue) and the samples that are stable for at least 1 Myr (red) for each fitted parameter. The corner-plot panels represent all possible parameter combinations with respect to the best dynamical fit from Table 2 , whose position is marked with a blue cross. The black 2D contours are constructed from the overall MCMC samples and indicate the 68.3%, 95.5%, and 99.7% confidence interval levels (i.e. 1σ, 2σ and 3σ). For clarity, in Fig. 6 the stable samples are overplotted in red and the stable solution with the maximum ln L is marked with a red cross.
We find that ∼ 13% of the MCMC samples are stable. Moreover, the mode of the overall and stable samples are coincident for every orbital parameter and the best-fit stable solution is almost coincident with the median of the posteriors. Therefore, although the nominal best-fit solution (ln L = −631.7) derives a period for planets b and c that are off by 2σ from the mode of the samples, the actual configuration of the 7 CMa system is better represented by the stable best-fit solution (ln L = −637.7) shown in the last column of Table 2. In this stable configuration, the orbital periods of the planets are P b ∼ 737 d and P c ∼ 989 d, implying a period ratio of 1.34; while the nominal best-fit solution has a period ratio P c /P b = 1.22. This value is far from the 4:3 value that can preserve the stability of the system by trapping the planets in a 4:3 MMR, preventing the planets from close encounters. While the posterior distributions for the planet periods in the overall MCMC samples are very wide and asymmetrical, the periods of the stable samples are narrow and Gaussian-like, further supporting the validity of this solution despite its slightly lower statistical significance.
Furthermore, to describe correctly the data it is necessary to include a linear trend in the RV models. The RV slope is particularly evident in the Lick dataset and corresponds to ∼ 1 m s −1 per year. A planet in a 50 yr-period circular orbit assuming an RV semi-amplitude of about 12.5 m s −1 (which corresponds to the 1 m s −1 yr −1 trend over 25 yr) would have a minimum mass of 2 M J . Increasing the period and semi-amplitude by a factor 2 the minimum mass would be 20 M J . On the other hand, a threeplanet fit to the data yields a ln L indistinguishable from a twoplanet model and the period of the candidate is not well constrained. Although a third planet would not affect the stability of the inner pair, it could play an important role in the formation history of the system. Long-cadence observations of 7 CMa with the same instrumentation will shed light into the nature of the linear trend and possible further companions in the system.
Last, we tested the impact of coplanar inclined orbits (i.e., i b,c 90 deg, Ω b = Ω c = 0 deg) in the stability of the system. The impact of the inclinations with respect to the observer's line of sight mainly manifests itself through the derived planetary masses, which are increased by a factor sin i. We chose a random subset of stable samples covering the parameter space of the red points in Fig. 4 and integrate them for 10 Myr with inclinations varying from 0 to 90 deg. We choose this simpler approach since a complete sampling of coplanar and mutually inclined systems (with i b , i c , Ω b , and Ω c as free parameters) in a dynamical fashion is computationally very expensive. Our analysis show that these stable solutions cannot even preserve stability on very short timescales for i b = i c 70 deg. The larger planetary masses and higher interaction rate make these solutions much more fragile than the edge-on coplanar system.
Dynamical properties
A period ratio close to 1.33 does not ensure that the system is indeed trapped in a 4:3 MMR. To test this scenario it is necessary to study the long-term evolution of the orbital parameters and, particularly, the resonant angles. For the 4:3 MMR, these angles are defined as: where the mean longitude λ i = M i + ω i (see, e.g., Murray & Dermott 1999) . Figure 5 shows the long-term evolution of an arbitrary stable sample chosen from the MCMC. This solution can preserve stability for at least 10 Myr, with semi-major axes and eccentricities oscillating rapidly with period ratios close to 1.33. The semi-major axes are strongly constrained to a b ∼ 1.8 au and a c ∼ 2.2 au, while the period-ratio of the planets oscillates slightly above the 4:3 value, marked with a gray dashed-line. The periodic drops in P c /P b are a consequence of the rapid variations in the semi-major axes when the two planets get close to each other.
The behavior of the resonant angles defines the location of the system with respect to the resonance: when one of the angles is librating, the system is said to be inside the resonance. The resonant angle of the first planet circulates from 0 • to 360 • , while σ c is librating around 180 • . The confinement of σ c around 180 • shows that it is the truly resonant librating angle of the 7 CMa system, as shown previously for the HD 200964 system by Tadeu dos Santos et al. (2015) . Therefore, we can conclude that the two-planet system is effectively trapped in the narrow stable region of the 4:3 mean motion resonance and that the stability analysis reveals the true configuration of the system.
Conclusions
We report the discovery of a second planet orbiting the Kgiant star 7 CMa. The extensive RV dataset reveals two massive Jupiter-like planets (m b sin i ≈ 1.9 M J , m c sin i ≈ 0.9 M J ) orbiting closely in 4:3 MMR around their parent star. We find the true configuration of the system by studying the long-term stability of the planets since with the current data the periods are not well constrained. The mode of the MCMC samples is coincident with the median of the stable samples, which are narrow and Gaussian-like for all orbital parameters. The best nominal solution is within 2σ from the mode of the MCMC samples and with ∆ ln L = 6 with respect to the best stable fit.
The two-planet system around 7 CMa is the third to be discovered in 4:3 MMR, after HD 200964 (Johnson et al. 2011) and HD 5319 (Giguere et al. 2015) . The existence of these massive planet systems challenge formation models since migration scales for passing through the 2:1 and 3:2 resonances are extremely short. This migration speed is almost impossible to achieve because a large amount of angular momentum should be delivered to the disk, as pointed out by Ogihara & Kobayashi (2013) . Rein et al. (2012) reached the same conclusions using hydrodynamical simulations of convergent migration and in-situ formation. On the other hand, Tadeu dos Santos et al. (2015) were able to reproduce the formation process of HD 200964 using models that contained an interaction between the type I and type II of migration, planetary growth and stellar evolution from the main sequence to the sub-giant branch. However, the authors pointed out that the formation process is very sensitive to the planetary masses and protoplanetary disk parameters, where only a thin, vertically isothermal and laminar disk, with a nearly constant surface density profile allows the embryo-sized planets to reach the 4:3 resonant configuration. Another possible escape Table 2 ) and the stable best-fit solution (last column of Table 2 ), respectively. from the 2:1 and 3:2 resonances could be resonance overstability, as proposed by Goldreich & Schlichting (2014) . In this case, convergent planetary migration with strongly damped eccentricities may only lead to a temporal capture at the 2:1 and 3:2 resonances. A detailed analysis on the formation of the 7 CMa system is out of the scope of this paper, but, given the similarities in the mass-ratio of the planets and the host star we believe that this system could have undergone a similar formation and evolution as the HD 200964 system. The resonant angle of the first planet is circulating, while the second is librating around 180 • , confirming that the system is trapped in a 4:3 MMR configuration. The system suffers from strong gravitational interactions on very short timescales, but it can preserve stability for 10 Myr. 
